In this work, a new design of small microstrip antenna with variable band-notched filtering characteristic for super ultra-wideband (UWB) applications including 5G/IoT networks is presented. In the proposed structure by creating steps with optimized appropriate sizes and angles in the lower edges of the quasi-square patch antenna and by a new technique of modifying the ground plane, more efficient radiation patterns and characteristic impedance are achieved. Moreover, the omnidirectional low cross-polarized H-plane radiation patterns are obtained in frequency band of 3-11 GHz. Also, its radiation patterns are improved between 11 and 14.5 GHz and have better performance especially with tuning capacitors between 14.5 and 20 GHz. In addition, its frequency bandwidth with VSWR < 2 is from 3 GHz to 50 GHz which covers 5G networks and both ultra-wideband (UWB) and super wideband (SWB) communications. A rectangular slot on the patch is used to create an integrated band-notch filter in the structure to avoid interference with other wireless systems like wireless local area networks (WLANs), and this specification can be activated or deactivated by a PIN diode. In addition, the center frequency of the filter can be tuned by just a varactor diode or a variable capacitor and/or by changing the position of the capacitors in frequency range of about 3.5-6 GHz, which rejects interference of all WLANs and even their lower and upper bands, and nulls in the radiation patterns can be changed especially in upper bands as well. The final structure simulation results are in good agreement with measurement ones.
INTRODUCTION
The mobile communication will progress and develop more and more, with wireless data traffic projected to increase 10,000 fold within the next 20 years, due to increased usage of smartphones, tablets, new wireless devices, and the Internet of Things (IoT). To meet this ever increasing demand in capacity and to support 5G (5th Generation Networks) requirements greater than 10 Gbps peak and edge rates greater than 100 Mbps for extreme mobile broadband (eMBB) applications, one has to use a new spectrum beyond sub-6 GHz frequencies. Due to the availability of large bandwidths at mmWave frequencies, the 5G requirements for eMBB can be met using a simple air interface and high dimension phased arrays. mmWave systems also face inherent challenges, such as high penetration loss, higher sensitivity to blockage, and diminished diffraction, which the system must overcome. The higher frequencies used for 5G enable higher data transmission through wider channels and cause reducing latency significantly compared to current levels. In 2002, Federal Communications Commission (FCC) assigned frequency band 3.1-10.6 GHz for ultra-wideband (UWB) systems [1] . Some UWB systems and their applications have been introduced in references like [2] [3] [4] [5] [6] [7] . Also, on July 14, 2016, the US Federal Communications Commission (FCC) adopted new rules for wireless broadband operations above 24 GHz, making the U.S. the first country to make this spectrum available for next generation wireless services. The FCC allocated approximately 11 GHz for flexible, mobile, and fixed use of wireless broadband, comprising 7 GHz of unlicensed spectrum from 64 to 71 GHz and 3.85 GHz of licensed spectrum, designated as a new "upper microwave flexible use" service, in three bands: 27.5 to 28. 35 GHz, 37 to 38.6 GHz, and 38.6 to 40 GHz. Table 1 illustrates the breakdown of the major frequencies established for use in 5G networks. FR1 will likely be used for initial implementations, with FR2 following. The second chart lists the FR2 frequency bands of interest. The FCC has also opened up spectrum from 64 GHz to 71 GHz for future activity [6] [7] [8] [9] . As we know, wireless sensor networks like zigbee, LDWA, LoRa, WWAN, and mobile radio networks comprising 2G, 3G, 4G, and coming 5G need wider frequency bandwidth, data processing, and machine learning for optimum performance. Also, there are numerous applications and demands for faster wireless networks like less response time (40 times faster). Among different kinds of antennas, as one of main parts of any communication system, printed monopole antennas are more considered in UWB applications since they fulfill all required parameters. Although a large number of UWB antennas have been designed with a compact size in recent years [9] [10] [11] [12] [13] [14] , their upper frequencies are less than 10.6 GHz. Moreover, their omnidirectional H-plane radiation patterns are limited to about 3 to 10 GHz. For example, in [12] a novel super-wideband (SWB) antenna with an optimized feed is presented, and its bandwidth is from 1.05 to 32.7 GHz with VSWR < 2, whereas the size of antenna is partly large, and H-plane radiation pattern of the antenna in the frequency range not only is not omnidirectional but also has high cross polarization.
On the other hand, there are many narrowband wireless communication systems in the UWB spectrum such as WLANs (5.15-5.825 ) which can cause interferences with other communication systems especially UWB ones due to their stronger power density. So, UWB systems have to be capable of interference rejection, and a conventional solution is adding a filter to the system. However, designing a filter increases dimensions of the system, is costly, and needs modern optimization techniques. Consequently, the designers have to try different design methods which are time-consuming [13, 14] . In this paper according to Fig. 1 , for overcoming interference problem, a slot in the radiation patch is designed and used. Some methods have been investigated and applied in references [15] [16] [17] . These techniques include etching shaped slots in the feed line or radiation patch [18, 19] , using rectangular split-ring resonators [20] , using parasitic components [7] , etc. Nonetheless, in SWB systems such as [12] , using band-rejection is overlooked. In a square monopole antenna like [11] , horizontal surface currents (relative to the x axis) flow in the lower edge of the radiation patch and are bigger than the vertical ones which can reduce the bandwidth and degrade the radiation performance at higher frequencies (specially > 10 GHz). In this paper by modifying and optimizing the structure of the antenna, a balance between the components of vertical and horizontal surface currents on the patch is created for better performance. In other words, improved radiation patterns have been obtained in super UWB (SUWB) frequency range by modifying patch, ground plane, and feed line. By carving aperture slots on the ground plane, the unwanted current distributions decrease, and better radiation patterns are achieved up to 14 GHz. Finally, the proposed optimized antenna is simulated by Ansys HFSS software on FR4 and also Rogers TMM4 substrates and is fabricated and measured. The bandwidth of the proposed antenna is from 3 to 50 GHz. Radiation patterns are omnidirectional from 3 to 11 GHz, and better radiation pattern performance can be achieved between 11 and 14 GHz with tuning capacitors and up to 20 GHz with optimization and adjustment (for example with a 2 pF tuning capacitor in 15 GHz). Moreover, center frequency of the band-notched filter can be tuned from 3.5 to 6 GHz by changing structure geometry and/or variable capacitor. 
ANTENNA CONFIGURATION AND DESIGN

Antenna Design and Matching
The design and improvement process and VSWR results of the proposed antennas are illustrated in Fig. 2 and Fig. 3 , respectively. The primary antenna, shown in Fig. 2(a) , has a square-like patch with a straight feed line and defected ground plane. In order to have better impedance matching and radiation performance, a small slot (2 mm × 2.2 mm) is placed on the ground plane. Because the structure of the antenna is similar to a disc microstrip one, the lowest frequency of the antenna can be calculated approximately from Equation (1) [17]: which can be a good estimate for the primary design. In Equation (1), k = 1.15, l is the height of the patch, p the air gap between the patch and ground plane, and r the effective radius of an equivalent cylindrical monopole antenna. As shown in Fig. 3 , bandwidth of the primary antenna (antenna a) is from 3.4 to 10 GHz with VSWR < 2. Using a rectangular slot in the bottom edge of the patch is a method to create balance between the components of horizontal and vertical currents [21] .
In this work as shown in Fig. 2 , trapezoidal and triangular pieces are combined in the edges of the patch to create the antenna structure. As a result, the bandwidth of the second structure of Fig. 1 (antenna b ) is increased to 11 GHz. As can be seen, we have reduction in the value of VSWR (Fig. 3 ). In the third structure (antenna c), a tapered feed line is replaced by the rectangle one. In the latter structure, a good impedance matching can be achieved for the entire bandwidth (3 to 50 GHz). Furthermore, the forth structure (antenna d) is developed by engraving a rectangular slot on the patch to eliminate a typical narrowband WLAN signal. Finally, the fifth structure (antenna e) is designed by creating two circular apertures on the ground plane to improve radiation performance and VSWR. A better description and details of the final antennas (d and e) have been expanded in Subsections 2.2 and 2.3.
Band-Notched Characteristics of the Antenna
In this section, various effects of dimensions of the rectangular slot using (variable) capacitors are investigated. In addition, the design of a band-notch filter for the antenna structure is explained. The band-notched property has harmful effects on the bandwidth. For example in [11] , the VSWR of the proposed antenna without band-notched filter is nearly from 2.4 to 12.5 GHz, whereas using band-notched filter decreases the bandwidth to 2.4-11.2 GHz. In this reference, the antenna has ultrawideband, and placing and/or adjusting band-notched filter does not decrease frequency bandwidth. Therefore, dimensions and location of the rectangular slot of the band-notched filter should be determined and selected correctly to have positive effect in the entire frequency range of the Super SUWB antenna.
As mentioned, frequency ranges of WLAN systems are from 4.85 to 5.83 GHz. Also, the center frequency of the band-notched antenna (fnotch) is defined by Equation (2), where c is the speed of light in free space, εr the dielectric constant, and L1 the length of the rectangular slot. L1 is nearly a quarter wavelength at the center frequency of the band-notched structure and can be calculated by [17] :
Selected substrate for simulation and fabrication is FR4. Fig. 4 depicts VSWR results of the final simulated antenna with variations of dimensions of the rectangular slot (L1, W 1, and S). As can be seen in Fig. 4(a) , by varying L1 (W 1 = 0.4 mm, S = 9.3 mm), the bandwidth and center frequency of the band-notched characteristic can be changed. Furthermore, Fig. 4 (b) reveals that W 1 (L1 = 7.3 mm, S = 9.3 mm) and S (L 1 = 7.3 mm, W 1 = 0.4 mm) determine the lowest and highest frequencies of the band-notched filter, respectively. In another configuration, a varactor diode or variable capacitor and/or capacitive slots are added in gap of the patch antenna, and the capacitor value is changed from 0 to 2 pF. The results are shown in Fig. 5 and illustrate that by using a variable capacitor, the center frequency of the band-notch filter of the antenna can be easily tuned.
The final dimensions of the rectangular slot band-notched filter are: L1 = 7.3 mm, W 1 = 0.4 mm, and S = 9.3 mm. Fig. 6 shows the surface current distribution at fnotch = 5.49 GHz of the bandnotched filter. As can be seen, the current distribution at 5.49 GHz is mainly near the rectangular slot, and it cancels the excited surface currents close to the center frequency of the band-notched filter. Additionally, if a PIN diode switch is placed in the rectangular slot of the proposed antenna, the band-notched filter is switched on and off. When the switch is off, the antenna does not have any band-notched feature, and when it is on, the antenna becomes a super UWB antenna with variable frequency band-notched functioning. In another configuration and to change band-notched filter of the structure, a microstrip line or capacitive slot is inserted in the rectangular slot, then a capacitor (C1) is placed in position A, as depicted in Fig. 7(a) . Then, the value of the capacitor is changed, and as disclosed in Fig. 7(b) , the center frequency of the band-notched filter is changed. If the capacitor is inserted in position B, the ability of this capacitor for tuning center frequency of the band-notched filter is similar to the capacitor of position A. In addition, as shown in Fig. 8(a) , by changing the capacitor position (2 pF for position C and D), the center frequency of the band-notched filter of the structure changes. As investigated in references [22] [23] [24] [25] [26] [27] , if another capacitor is added and placed in position E, frequency tuning specifications of the band-notched filter of the structure will be improved and cover higher and wider frequency ranges ( Fig. 8(b) ). In this case, the values of capacitors and the bigger distances between the capacitors are effective for more frequency tuning range which is nearly between 3.5 and 6.087 GHz. For more and better frequency tuning range, other microstrip lines and capacitors can be added. In this case, each capacitor has its own frequency tuning effect. For instance, C1 is dominant for tuning, and C2 and Ci(s) are more suitable for better adjusting. Also, comparisons between the proposed antenna and other antennas in references with different aspects are illustrated in Table 2 . The proposed antenna has a great bandwidth tuning capability, better performance, and small size. Also, better and more stable H-plane radiation patterns in frequency range between 3 GHz and 15 GHz with tuning capability and adjustments are achieved (for example with a 2 pF tuning capacitor or varactor diode in 15 GHz as mentioned before). Although the gap may not be wide enough for inserting an SMD capacitor or a diode, by using another structure ( Fig. 5(a) ) or die technology this issue can be solved. Simulated H-plane and E-plane radiation patterns in frequency range of 3-14 GHz are presented in Fig. 9 . It Figure 9 . Simulated H-plane radiation patterns of antennas a, d and e at 4 different frequencies.
delineates that H-plane patterns are improved, and E-plane patterns are bidirectional. As shown in Figs. 9 and 13 , stable and better H-plane radiation patterns up to 20 GHz (with adjustment of tuning capacitors and/or optimization) are obtained. At higher frequencies of 14 GHz, the cross-polarization level rises due to the increase of orthogonal surface currents.
Radiation Patterns
Due to the coupling effects between the patch and ground plane, the ground plane geometry has an important role in UWB antenna performance. Most articles only use defected ground structures (DGSs) and create slots in the ground plane to improve bandwidth such as [18] and [24] . Nevertheless, a few articles consider and investigate effects of the ground planes. It has been proved that radiation patterns are dependent to dimensions and shapes of the ground plane [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Moreover, in references, radiation patterns are only improved in frequency range of 3-10 GHz. For example in [25] , a UWB antenna with two ground planes (32 × 15 mm 2 and 70 × 15 mm 2 ) is used, and L-shaped slots are carved on the top edges of ground planes. The radiation patterns of the antenna with large ground planes, with and without slots, are very similar. The only differences are at lower frequencies whereas the crosspolarized electromagnetic fields are smaller for the antenna with slots in the ground plane. Anyhow, radiation patterns of the antennas are improved for UWB applications. Nonetheless, two problems are not investigated: firstly, radiation patterns of the antenna with small ground planes (32 mm × 15 mm with slot) and secondly, the reasons for selecting positions of the slots in ground planes. In this part, radiation patterns and gain of the proposed antenna are illustrated in the following figures. The simulated H-plane radiation patterns of antennas (a), (d), and (e) at 4 different frequencies are shown in Fig. 9 . As can be seen, H-plane radiation patterns of antenna (d) are significantly improved by modifying the patch and feed line. In addition, the simulation of the surface current distribution for the ground plane of antenna (d) at 12 GHz is shown in Fig. 10(a) . In some places, amplitudes of surface currents have the minimum values compared to other places. So, for improving radiation properties, according to the minimum current amplitudes, two circular apertures with the radius of R = 4 mm are subtracted from the ground plane ( Figs. 1 and 10(b) ). Fig. 9 shows that by subtracting two circular apertures from the ground plane, H-plane radiation pattern of antenna (e) is more omnidirectional and in wider frequency range than antenna (d). Also, bandwidth of the modified antenna is much wider than that mentioned and other antennas in references [3] [4] [5] [6] [7] [8] [9] . Furthermore, the antenna has a variable band-notched filtering feature.
In summary, an antenna with wider frequency bandwidth, radiation pattern, and variable bandnotched filtering characteristic has been achieved, and H-plane radiation has also been improved up to 14 GHz by carving aperture slots on the ground plane. In addition, at higher frequencies the crosspolarized electromagnetic fields rise due to the increasing orthogonal surface currents.
MEASUREMENT AND SIMULATION RESULTS
The fabricated antenna is shown in Fig. 1(b) , and the results of simulation and measurement of the proposed antenna are shown in Figs. 11-15. As can be seen, there is a significant agreement between the results of simulations and measurements, and the small differences are due to the effects of fabrication process and SMA connector. The return loss of the proposed antenna is measured by Agilent E8363C PNA network analyzer. Fig. 12(a) shows the gain of antenna (e). The antenna has been simulated in frequency range of 3-40 GHz, because the measured VSWR is up to 40 GHz. As can be seen, the gain of the proposed antenna drops at WLAN band (−2.4 dB at 5.49 GHz), and minimum gain is 1 dB in 3 GHz and maximum gain 9.47 dB in 31.3 GHz. In addition, the gain of the proposed antenna without the band-notched filter structure is presented in Fig. 12 (b) (with aperture slots and without aperture slots), and it shows that the gain of the antenna with aperture slots is better than the antenna without Fig. 13 also illustrates that at frequencies less than 14 GHz, the radiation patterns of the antenna are improved and bidirectional. Also, at higher frequencies (for example 30 GHz), the cross-polarized electromagnetic fields increase due to more orthogonal surface currents. Additionally, H-plane radiation pattern of the antenna as a function of one tuning capacitor value at 19.6 GHz is depicted in Fig. 13 (c) which shows that with varying capacitor value, nulls in radiation pattern can be changed. In addition, time domain characteristic of the antenna without band-notched filter is analyzed by CST Microwave Studio. For this simulation, antennas are placed in the far field region (face to face and side by side), and the transmitter antenna is excited by a Gaussian signal (3) (4) (5) (6) (7) (8) (9) (10) (11) . The received and transmitted signals are shown in Fig. 14. According to this figure, the antenna has improved performance in time domain. Fidelity factors of face to face and side by side configurations are 0.81 and 0.72, respectively.
Finally, for better comparison and investigation of the antenna performance in low-loss dielectric substrates, the structure is simulated on Rogers TMM 4 with loss tangent of 0.002 too, and the same results are obtained. The results are illustrated in Fig. 15 .
CONCLUSION
A compact super ultra-wideband antenna with variable band-notched filtering characteristic has been presented. The modified structure of the patch, with its 50-Ω tapered feed line and engraving slots on the ground plane, provides a wider impedance bandwidth (3 to 50 GHz) and lower cross polarized and omnidirectional radiation patterns than similar antennas in the literature. This antenna can be used in a very wide frequency range including 5G network. The WLAN band is filtered by a quarter wave slot and capacitors, and the center frequency of the rejection filter can be tuned by using constant and/or variable capacitors in the patch. Some nulls in the radiation patterns can be changed by utilizing this technique. Small size, ideal return loss in total frequency range, and improved radiation patterns of the proposed antenna make it an appropriate candidate for UWB and SWB applications. Although this antenna has a simple and cost-effective structure, it is very versatile and efficient especially in comparison with intricate antennas.
